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ABSTRACT 

The  microwave- induced  helium  plasma  generated  at  atmospheric 
pressure  in  the  TM0J  0  resonant  cavity  is  attractive  as  an  ex¬ 
citation  source  for  emission  spectrometry.  The  efficiency  of 
the  cavity  produces  an  extremely  high  energy-density  plasma 
and  its  short  longitudinal  dimension  permits  close  spatial 
and  photometric  monitoring  system  proximity  between  the  plasma 
and  different  types  of  sampling  devices.  Examination  of  the 
electron  density,  excitation  temperature  and  rotational  tom- * 
pcral.uro  in  this  microwave  plasma  reveals  its  unusual  char¬ 
acter  and  suggests  certain  mechanisms  of  operation. 


INTRODUCTION 


Microwave*  induced  plasma:-.  (MT1‘)  have  been  of  continuing 
interest  as  atomic  emission  excitation  sources  for  speclro- 
chemical  anal  ysi  s  (1  ,  ?.)  .  In  accord  with  increased  interest  in 
induction  plasmas  in  general,  undoubtedly  spurred  by  advance¬ 
ments  with  RF  ICP's,  the  Mil1  lias  recently  received  more  attention 
than  it  lias  had  in  the  past.  However,  the  resurgence  of  interest 
has  been  more  directly  the  result  of  two  independent,  factors . 

As  the  popularity  of  microwave  ovens  has  increased,  the  avail¬ 
ability  of  high  quality,  high  power  magnetrons  to  supply  cw 
microwave  power  at  2450  MHz  has  become  wider.  Thus,  laboratory 
and  research  versions  of  microwave  power  supplies  are  inex¬ 
pensive  and  more  readily  obtainable.  The  second  factor  was  the 
introduction  of  the  TM^^  resonant  cavity  to  analytical  spec- 
troscopists  by  Bcenakker  in  1076(3).  In  that  and  following 
publi cat i ons (2- 8)  the  TMq^q  cavity  was  described  in  detail  and 
shown  to  possess  some  very  useful  operational  characteristics 
and  to  have  the  capability  to  excite  most  nonmctals  and  all  of 
the  halogens  (9- 14) . 

The  features  of  the  TMqjq  cavity  which  make  it  advantageous 
for  use  in  atomic  emission  experiments  are  numerous.  The 
dimensions  of  the  cavity  are  such  that  the  discharge  is  con¬ 
strained  to  a  very  small  volume.  It  is  within  this  volume  that 
all  of  the  input  power  is  concentrated.  The  result  is  that  the 
energy  density  in  the  location  of  the  discharge  is  greatly  in¬ 
creased  relative  to  other  cavity  types.  This  allows  the  self- 
ignition  and  strai  glyfforwa  rd -operation  of  an  atmospheric  pressure 
discharge  in  helium.  The  advantages  accruing  from  the  use  of 
helium  as  the  support  gas  are  lower  overall  background  spectrum, 
higher  metastahle  species  energy,  and  a  more  diffuse  plasma 
which  is  less  prone  to  erratic  movements  and  dislocations  during 
sample  injection.  The  configuration  of  the  TM^^  cavity  is  such 
that  the  Mil1  is  within  a  few  millimeters  of  either  end  of  the 
cavity,  which  permits  simpler  and  more  direct  access  to  the  dis¬ 
charge.  This  arrangement  eliminates  n  multitude  of  sample  trans¬ 
port  problems  and  improves  the  efficiency  of  radiation  collection 
from  the  plasma.  The  MIT  is  more  easily  viewed  in  the  axial 


direction,  eliminating  signal  degradat  ion  which  is  encountered 
as  the  chamber  wall,  through  which  radial  observation  must  be 
made,  credos  with  use.  The  TMqjq  cavity  seems  to  allow  more 
efficient  transfer  of  power  to  the  discharge  as  evidenced  by 
the  lack  o£  required  cavity  cooling  apparatus.  Finally,  the 
MIP  operates  with  support  gas  flow  rates  which  are  economical 
of  He  usage. 

In  the  present  studies  excitation  and  kinetic  temperatures 
and  the  electron  density  were  spatially  profiled  to* define  some 
of  the  principal  operating  characteristics  of  the  helium  MIP 
at  atmospheric  pressure.  Previously  reported  portions  of  this 
work  have  indicated  possible  flow  rate/power  level  trade-offs 
for  optimal  signal  generation,  various  signal  gradients  in  the 
MIP,  and  suggested  reduction  of  the  MIP  excitation  capability 
by  material  injected  into  the  plasma  from  wall  eros ion (1 S- 1 7) . 
More  extensive  reports  have  appeared  which  addressed  the  char¬ 
acter  of  various  low  and  high  pressure  microwave  discharges  (1 8- 
24).  In  a  number  of  cases  attempts  to  elucidate  excitation 
mechanisms  and  pathways  in  MIP's  were  presented.  The  material 
presented  here  is  meant  to  further  characterize  the  atmospheric 
pressure  helium  MIP  without,  at  this  time,  proposing  such  mech¬ 
anistic.  schemes. 

EXPHRl  MENTAL 

The  TM()  1 Q  microwave  resonant  cavity,  its  tuning  charac¬ 
teristics,  and  our  inert  gas  manifold  system  have  been  described 
in  detail  cl  swlic  re  (K ,  ]  5  1  7)  .  _  The  optical  system  imaged  the 
axially-viewed  plasma,  without  magnification,  on  the  entrance 
slit  of  an  echelle  monochromat  or  (Sped  raMetr  i  cs  ,  Inc.,  Andover, 
MA)  which  had  been  modified  for  wavelength  modulation  and  was 
motorized  for  scanning.  Ini  ranee  and  exit  apertures  were  SOn 
wide  and  200(i  high.  The  monochromator  was  used  in  the  single 
channel  mode  with  an  EMI  67.S6H  photomultiplier  tube(F.MI  (ioncoin, 
Pla  inview,  NY)  will)  an  S-  !  X  response.  The  photoanodic  currcnl 
was  input  to  a  microvolt  ammeter (Model  ISO,  Keithley,  Co., 
Cleveland,  Oil)  and  recorded  on  a  strip  chart  recorder  (Heat  h ,  Co., 
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Renton  Harbor,  MJ).  Condition:,  employed  lie  re  were  similar  ■(«>• 
.very  -e-l esc  to  those  routinely  used  for  MIP-AkS.  The  chamber 
used  to  contain  the  MIP  was  an  approximately  3cm  long  section 
of  quart-/,  tubing  of  3mm  i.d.  and  Smm  o.d.  The  tubing  did  not 
extend  outside  the  body  o£  the  cavity. 

Applied  power  levels  which  are  reported  were  taken  as  the 
difference  between  readings  of  the  forward  and  reflected  power, 
both  indicated  on  the  generator  power  meter.  Clearly,  'this 
value  is  not  necessarily  t  Ire  actual  power  dissipated  in  the 
discharge;  some  is  lost  through  radiation  and  impedance  mis¬ 
matching  between  the  transmission  line  and  the  changing  reac¬ 
tance  of  the  plasma.  However,  the  determination  of  the  power 
expended  in  the  discharge  would  require  substantially  more 
complex  experimentation.  An  examination  of  recent  literature 
showed  that  no  reports  thus  far  have  attempted  to  define  the 
power  transferred  solely  to  the  MIP. 

Data  were  taken  at  power  levels  from  f»0W  to  350W.  Previous 


reports  have  examined  the  effect  of  applied  power  level  on  MIP 
temperatures  and  dens  i  t  i  es  Cl  5- 1  7)^  ^liata  reported  here  are  for 


10  OW  plasmas  only.  The  parametric  profiles  and  trends  at  this 
power  level  arc  typical  of  data  at  other  power  levels  up  to 
about  2!>0V.\  It  should  be  noted  that  since  the  TMqjq  cavity 
affords  such  high  energy  density  in  the  MIP  that  the  100W  level 
reported  here  is  equivalent  to  much  higher  levels  in  other 
types  of  cavities.  Moreover,  preliminary  studies  indicate 
that  applied  power  above  300W  does  not  lead  to  increased  analyte 
emission  intensity,  makes  the  MTP  more  difficult  to  control, 
and  severely  shortens  the  lifetime  of  replaceable  components  (1 5) . 
The  cavity  was  mounted  on  a  two-dimensional  positioning 

stand  which  allowed  focussing  of  any  point  on  the  MIP  face  on 

s  : 

the  monochromator  entrance  apeipture.  The  spatial  resolution 


viewed  plasma.  Only  at  lower  power  levels  (below  about  70K’)  is 
the  MIP  c yl i ndri cal ly  symmetrical  with  the  plasma  chamber.  In 
all  othei  cases  the  plasma  does  not  reside  in  the  center  of  the 
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war.  approximately  200u.  Relative  emission  line  intensities  and 
line  profile  scans  wore  obtained  across  the  face  of  the  axial ly- 
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chamber  along  the  axial  dimension,  and  is  radially  asymmetric 
in  intensity.  Although  the  plasma  is  relatively  short  com¬ 
pared  to  oilier  types  of  MIP's  it.  is  not  so  short  as  to  assume 
homogeneity  in  temperature  and  electron  density  along  t  lie 
longitudinal  coordinate.  Since  this  study  did  not  address 
the  more  difficult  task  of  accurately  measuring  inters  it-ies 
~in — the  -radial—  -dixec.ti.on , — so-- as~to._ obt-a  i  n  longitudinal  pro  f  i  1  cs  , 
it  must  be  kept  in  mind  that  the  axially  measured  intensities 
are  averaged  readings  along  the  line  of  sight.  The  excita¬ 
tion  temperatures  were  obtained  from  two  thermometric  species: 
l:e  analyte  atoms  and  He  support  gas  atoms.  Measurements  of 
the  relative  intensities  of  well -document ed  lines  of  these 
species  afforded  temperature  determinations  by  the  slope  method. 
The  thermometric  species  used  for  rotational  temperature 
determinations  was  the  C.^  molecule,  obtained  from  injection  of 
a  continuous  flow  of  acetone  vapor.  The  electron  density  was 
calculated  from  the  width  of  the  Stark-broadened  4S6.1nin  IID 

p 

line.  Hydrogen  is  present  in  the  Ml P  from  organic  impurity 
components  of  the  high  purity  He  used,  from  entrained  atmos¬ 
pheric  water  vapor,  and  from  material  eroded  from  the  chamber 
wa 11s. 

For  temporal ure  measurements  it  is  clear  that  the  values 
obtained  can  only  be  as  reliable  as  the  values  of  the  atomic 
transition  probabilities  which  are  used  in  the  determinations. 
Those  values  arc  reliably  known  only  to  about  20-25$.  It 
should  be  kept  in  miiul  that  when  working  in  plasmas  suspected 
to  be  far  from  thermodynamic  equilibrium,  as  this  MIP  is, 
relative  line  intensity  temperature  determinations  arc  at  best 
approximate.  Consequently,  the  absolute  values  of  the  tem¬ 
peratures  reported  are  of  less  significance  than 'the  profiles 
and  trends  of  these  variables. 

RI-SUI.TS  AND  DISCUSSION 

It  was  observed  in  all  experiments  that  as  the  flow  rate 
increased  the  center  of  the  plasma  moved  closer  to  t  lie  chanibei 
wall.  The  chamber,  which  is  continually  eroding  at  all  power 


levels  and  flow  ra t  es  ,  wppa  pen t  1  y  undcrgiyy  increased  erosion 
al  higher  He  input  rates,  ejecting  more  material  into  the  MIP. 
This  effect  is  suspected  to  occur  because  of  rel  ati  vjl^e'y  great¬ 
er  power  absorption  by  the  chamber  wall  at  inci eased  flow  rates 
Power  absorption  by  the  wall  generally  increases  as  the  cavity 
becomes  detuned,  so  that  a  tuning  dependence  on  input  flow  rate 
might  be  inferred.  It  is  suggested  that  this  would  be  due  to 
an  adverse  change  in  the  reactive  load  nature  of  the  MIP  as 
the  flow  rate  rises,  for  example,  through  increased  flow  tur¬ 
bulence.  In  any  case,  the  material  ejected  into  the  plasma 
is  transported  out  of  the  chamber  through  the  MIP.  The  es¬ 
tablishment  of  a  route  for  the  flow  of  material  may  then  be 
the  cause  of  MJP  stabilization  on  the  wall.  Alternatively, 
the  erosion  of  the  chamber  wall  may  lead  not  |y  oj'j  u sT\ material 
injection  into  the  MIP;  but  to  increased  production  of  charge¬ 
carrying  species,  the  entrance  of  which  into  the  MIP  causes  it 
to  stabilize  at  the  region  of  their  production.  The  observa¬ 
tion  of  the  attachment  of  the  MIP  ends  to  the  wall,  as  evi¬ 
denced  by  distortion  of  the  normally  symmetrical  plasma,  re¬ 
quires  that  species  which  r.rc  extractable  from  the  chamber  wall 
for  example,  Si,  Oil,  II,  0,  Al,  B,  N(dcpcnding  upon  the  chamber 
material  used)  always  be  considered  in  the  characterization 
of  the  MIP. 

In  figure  1  arc  plotted  t  lie  He  excitation  temperature 
profiles,  T  (He) ,  at  different  flow  rates  of  support  gas  for 
a  100W  He  Mil*.  The  T  (He)  profiles  at  all  flow  rates  exhibit 
the  same  overall  shape.  It  is  clear  that  the  lowest  tempera¬ 
tures  arc  at  the  MIP  center.  (The  MIP  center  is  defined  as 
the  visibly  brightest  spot  of  the  plasma;  its  location  is  noted 
on.  each  figure.)  There  is  a  regi  on  external  to  t  lie  core  of 
the  MIP  at  whirl)  T  (He)  is  highest.  The  values  of  T  (Hr)  at 
the  MIP  center  compare  well  with  previously  reported  values. 

The  lower  Tc(!le)  at  the  plasma  center  might  be  the  result  of 
energy  loss  to  the  erosion  species  in  the  plasma,  or  de-exci¬ 
tation  of  the  He  by  these  same  species.  further  sludies  to 
characterize  the  species  present  arc  necessary  to  support  this 


view. 


Hie  h  i  gh  values  of  T  (ile)  external  to  the  MU'  core  tend 

°  '| 

to  indicate  that  analyte  excitation  might  he  optimum  outside 

the  MIP.  T  (ilc)  at  all  points  drops  as  the  flow  rate  increases. 
This  trend  may  he  due  to  a  decrease  in  species  residence  time 
in  the  excitation  volume  as  the  flow  rate  increases.  All  this 
occurs  at  the  same  time  the  plasma  becomes  more  elongated  at 
higher  flows.  The  elongation  of  the  plasma  tends  to  support 
the  view  that  excitation  species  are  being  swept  out  of  the 
chamber.  The  total  plasma  volume  remains  approximately  un¬ 
changed. 

In  Figure  2  are  plotted  the  excitation  temperatures  at 
different  flow  rates,  determined  using  Fc  as  the  thermomctric 
species,  T  (Fc) .  The  profiles  are  nearly  flat  across  the 
visible  plasma  core.  T  (Fc)  is  lowest  external  to  the  core, 
different  in  character  to  Te(!!e).  As  the  flow  rate  rises 
the  profiles  rise  at  all  points,  also  opposite  the  behavior 
of  T  (He) .  The  temperature  closest  to  the  wall  rises  most 
rapidly.  There  may  be  some  correlation  of  this  rise  with  the 
increase  wall  erosion  observed,  but  it  is  unclear  at  this  time 
what  it  might  be.  These  profiles  would  tend  to  indicate  that 
analyte  excitation  might  be  optimum  at  the  plasma  center. 

Electron  density  profiles  across  the  plasma  face  were 
observed  to  be  essentially  flat.  The  values  of  t lie  electron 
density  obtained  were  between  1.0  x  lO^cm  ^  and  1.6  x  lO^cm 

A  qualitative  assessment  of  the  ionization  temperature 
through  the  use  of  the  Saha  equation  indicated  'IT  values  were 
also  essentially  unchanged  across  the  MIP.  The  values  estimated 
were  reasonably  close  to  other  reported  valucs(2S).  Further 
study  is  warranted  for  a  quantitative  assessment  of  the  ioni¬ 
zation  t omp  e r a turc. 

In  Figure  3  are  plotted  the  relative  line  intensity  pro¬ 
files  for  the  Fc  37].994nni  ground  state  line  and  the  ?87.234nm 
nonresouance  line  (levels  42532.76cm  *  to  7728.071cm  ■* )  .  The 
Fc  was  injected  continuously  into  the  MIP  with  a  microarc 
sampling  device ( 8 , 26) .  It  is  observed  that  the  profiles  of 
the  two  lines  arc  distinctly  different  in  shape.  At  each  flow 
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rate  the  maximum  of  the  resonance  line  intensity  is  external 
to  the  MIT  center  and  corresponds  roughly  with  the  peal:  exci¬ 
tation  temperature  for  Me  fcf.  figure  2).  In  contrast,  the 
maximum  of  the  nonresonance  line  intensity  is  approximately 
at  the  MU’  center.  The  minima  for  each  profile  are  similarly 
opposite  in  character.  This  behavior  suggests  that  higher 
energy  levels  of  an  analyte  atom  are  highly  populated  in  the 
plasma  core.  The  higher  intensities  of  the  resonance  lino 
found  external  to  the  plasma  core  follow  t  lie  T  (He)  ,  and  this 
fact  seems  to  suggest  different  excitation  mechanisms  inside 
and  outside  the  plasma  core.  If  it  is  assumed,  for  example,  ' 
that  Me  metastables  arc  principally  responsible  for  analyte 
excitation  (from  the  ground  state,  at  least),  then  the  low 
resonance  line  intensity  within  the  MIP  might  be  due  to  a 
metastablc  quenching  by  wall-erosion  material;  or  there  might 
he  some  suprathermal  mechanism  in  effect.  This  behavior  is 


still  in  the  preliminary  stages  of  examination. 

f- f  <ii !{/*■ 

All  of  ihc^  profiles  decrease  in  magnitude  at:  all  points 
as  the  flow  rate  increases.  The  amount  of  decrease  at  any 
specific  point  is  not  directly  correlated  with  the  amount  of 
flow  rate  increase.  However,  a  possible  explanation  for  this 
overall  trend  is  a  reduction  of  the  residence  time  for  all 
types  of  species  involved  in  excitation  as  the  flow  rate  in¬ 
creases  . 

The  relative  values  of  the  lino  intensities  at  various 


My 

.  ■<  at)  ^ 


positions  in  the  chamber  and  under  varying  conditions  have  not  ■<  (1^1 
been  completely  examined  at  thi  s  time.  More  extensive  study  -j> 
in  this  direction  is  planned  and  is  expected  to  provide  fur-  y j 

thcr  insight  into  the  workings  of  this  MIP. 


The  marked  differences  in  the  values  of  the  various  lorn- 


perature  typos  at  all  points  and  among  the  profiles  suggests 
strongly  that  the  atmospheric  pressure  microwave  discharge  is 
nonthcrmal.  Tire  existence  of  a  peaked  T  (lie)  profile  with  a 
minimum  at  the  MU’  center  in  contrast  to  tire  relatively  feature¬ 
less  T  (l-’c)  prof  i  ?  c*  is  suspected  to  Ire  due,  at  leasl  in  part, 
to  a  greater  elicit  of  the'  chamber  wall  erosion  species  on  T  (He)  . 


y 


This  proposition  is  suggos  t  Ivo  of  different  mechanistic.  paths 
for  each  species  in  the  plasma.  However,  furl  her  elucidation 
of  any  plasma  excitation  mechanism  will  require  species  pop¬ 
ulation  studies  and  emission  line  ratio  studies.  Some  progress 
toward  clarifying  such  a  mechanism  has  been  report ed (22 , 23) . 

CONCLUSION'S 

The  atmospheric  pressure  Ho  MU’  generated  in  the  TM^  ^  ^ 
cavity  has  been  shown  to  possess  rather  complex  temperature 
and  emission  intensity  character  in  a  chamber  about  three 
times  larger  than  the  plasma  volume.  Wall  effects  on  the  MIP 
probably  quench  the  plasma  core;  however,  other  more  complex 
mechanisms  may  be  in  effect. 
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l'KillKI:  CAPTIONS 


Fi  gure  .1  :  F.xcilation  t  emperature  profiles  at  different  flow 
rater..  Thermomel.  ri  c  species:  He 

A.  3 . 9 5  L/m 

B.  3.00  L/m 

C.  4.11  L/m 

Chamber  region  occupied  by  MIP  at  specified  flow  rates: 

a.  1.95  L/m 

b.  3.00  L/m 

c.  4.31  L/m 

Figure  2:  Hxc.i  tat  ion  temperature  profiles  at  different  flow  rates. 
Thermometric  species:  Fe 

A.  1.9  5  L/m 

B.  3.0  0  L/m 

C.  4.11  L/m 

Chamber  region  occupied  by  MIP  at  specified  flow  rates: 

a.  l.'OS  L/m 

b.  3.00  L/m 

c.  4.11  L/m 

Figure  3:  Relative  intensity  profiles  for  Fe  I: 

A1 ,  Bl,  Cl:  287  .  7 34 nm 
A2 ,  C.2 :  371.994nm 

A.  1.95  L/m 

B.  3.00  L/m 

C.  4.11  L/m 


-  temperature  (10^  K) 
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